Introduction
Although the power of multidimensional NMR experiments in molecular structure elucidation is unparalleled [1] [2] [3] , many NMR spectral features in metabolomics analysis are unassigned and the determination of low abundance compounds in complex mixtures remains challenging [4, 5] . Furthermore, the large number of metabolites present in biofluids or crude tissue extracts leads to severe spectral overlap even with multidimensional NMR techniques. However, 1 H-detected NMR has the unique ability of spectral editing through various magnetic nuclei, so that only those compounds that have a unique atom (such as 31 P, [6] ) or a specifically introduced 13 C or 15 N atom will be detected, while all the other compounds are filtered out [7, 8] . Furthermore, NMR chemical shifts and scalar coupling constants are sensitive to isomerization, which is particularly important for identifying sugars that exist in a large number of isomeric forms, for example common hexoses including glucose, galactose, fructose, mannose and their mutarotated forms. These isobaric compounds are difficult to resolve by mass spectrometry, but are readily distinguishable by NMR [4, 9] .
A key approach to selecting compounds through isotope filtering is to use post extraction derivatization with an agent that has 1) a unique magnetically active atom, 2) facilitates simple extraction and cleanup, and 3) provides the structural identification of target metabolites through chemical shift and scalar coupling information. Ye et al. have introduced an 15 N-labeling method for detecting carboxylates in metabolite mixtures, with high sensitivity (μM range) [10] . However, there are many biological compounds of interest that do not contain a carboxylate function. We are developing chemoselective probes that react with different functional groups that simultaneously introduce a stable isotope ( 15 N or 13 C). These probes are designed to enhance selective detection of metabolite functional groups to facilitate structural determination by both NMR (via chemical shift data) and highresolution MS (via accurate masses or molecular formulae). An important additional benefit is that the adducts are generally more stable than the free metabolite, enabling the detection of labile compounds such as oxaloacetate, 2-oxoglutarate [11] and 4-hydroxynonenal.
Here we demonstrate the use of the aminooxy probes N- (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) N-aminooxyethyl) -N,Ndimethyl-1-dodecylammonium (QDA) possessing a 15 N-enriched aminooxy group (-O 15 NH 2 ) which reacts chemoselectively and stoichiometrically with the carbonyl group of the target compounds [12] [13] [14] (cf Figure 1) . The reagent also possesses a quaternary nitrogen atom making the resulting adducts positively charged for enhanced detection sensitivity in mass spectrometry, and a dodecyl tail that renders the adduct extractable in polar organic solvents [12] [13] [14] . The aminooxy adducts have the general structure R-O-N=C(R 1 , R 2 ) where R 1 and R 2 derive from the target metabolite. Both R 1 and R 2 are aliphatic groups in ketones, but H and aliphatic groups in aldehydes (cf. Figure 1) . [15] . Such long range couplings to 15 N have been used in other contexts to analyze both pure nitrogen-containing compounds [16] [17] [18] and in complex metabolite mixtures [8] , and make use of the absence of 15 N-15 N couplings. In our standard adducts, we found that the aldehydic proton characteristically resonates near to 7.6 ppm with a 15 N shift of ca. 370 ppm from liquid ammonia whereas ketone compounds had 15 
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NMR properties of authentic aminooxy-derivatized standards
Chemical Shifts-The reactivity of carbonyls with the aminooxy QDA tags has been described in detail [12] [13] [14] . The chemical structures of 15 N-QDA and resultant adduct with carbonyl compounds are shown in Figure 1 . As the structure shows, the aminooxy 15 N is two or three bonds from the nearest proton in the adduct with the target metabolite, depending on whether it is a ketone or an aldehyde. The two-and three-bond 15 N-1 H scalar coupling constants are expected to be in the 1-4 Hz range [16, 19] , and therefore easily detectable by 15 N-edited HSQC in small molecules that have narrow resonances. Because the 15 N is at ≈99% abundance in the adducts, only those compounds that have reacted with the 15 N-QDA reagent will be detected in a mixture, unless present at very high amounts. Figure 2A shows representative 1D NMR spectra of 15 N-QDA adducts of a mixture of 17 standards, that show the efficiency of the spectral editing, and also demonstrate that the proton resonances that are detected in this experiment belong exclusively to the target metabolite moiety of the adduct, and not to the alky chain of the reagent itself, or to the unreacted 15 N-QDA reagent. This is because of the presence of the oxygen atom between the nitrogen and the carbon in the reagent.
We have generated NMR spectra of 17 standards both individually and as a mixture, and we have fully characterized the relevant 1 H, 15 N and 13 C chemical shifts using TOCSY and HSQC experiments (Table 1) . Furthermore, we determined the long-range heteronuclear coupling constants from the multiplet structure in the 1 H spectra, which we used to guide the optimization of the INEPT delay in the long-range HSQC experiments. We have characterized the standards in both aqueous solutions and in methanol-d 4 .
As described above, the protons observed belong to the target metabolite. The chemical shifts of the aminooxy nitrogen and the coupled protons are very characteristic, and differ significantly between aldoses and ketoses. The 15 N chemical shifts of the standards were determined from 2D long-range 1 H{ 15 N}-HSQC experiments, as shown in Figure 3 . These nitrogen shifts varied substantially among biological compounds. The 15 N resonance of the free aminooxy compound in contrast is found at +97 ppm with respect to tetramethylammoniumchloride in CDCl 3 ( Fig S1C) . This is +140.8 ppm from external liquid NH 3 [20, 21] for comparison with the QDA adducts measured in water or methanol indirectly referenced to liquid ammonia at 0 ppm. Furthermore the aldehydic proton is greatly deshielded in the adduct compared with the parent metabolite. For example the H1α of free glucose resonates at 5.22 ppm from DSS under these conditions whereas in the adduct, it resonates at 7.64 ppm, reflecting both the forcing of the pyranose into a straight chain form, and the formation of the C1-N double bond in the adduct.
The 15 N and scalar coupled protons shifts are not only very sensitive to the formation of the imine, but also these shifts are strongly correlated, as shown in Figure 4 , which shows a remarkable range of both 15 N and 1 H chemical shifts for this group of compounds.
As Figure 1 indicates, the adducts can exist in two isomeric forms, E and Z with respect to the double bond ( Figure 1B ). This gives rise to two sets of resonances for aldehydes and unsymmetric ketones, corresponding to the major and minor isomers. The chemical shifts in Table 1 correspond to the major isomer. The ratios of the isomers ranged from >10:1 to ≈1 depending on the compound, attributable in part to steric hindrance in the Z aldoximes where the R′ group is bulky.
The chemical shifts of the adducts are also sensitive to the solvent. We recorded 1D 15 Nedited 1 H spectra in 100% MeOD, which can help dissolve adducts of less polar metabolites such as lipid aldehydes. The resolution of the compounds by 2D NMR 15 N-edited HSQC is good in this solvent (cf. Of particular note is that the proton shifts of the adducts reflect the target compound, and not the tag itself, and the 15 N and 1 H shifts are very sensitive to the specific compound. Thus, aldehydes have very different shifts for those of carbonyls (cf Fig. 3, S3 ), making it especially simple to differentiate between ketoses and aldoses.
Coupling constants-Long range 15 N-1 H coupling constants were estimated from the optimized INEPT delay in the HSQC experiment (Fig S2) , and more accurately from the additional 15 N splitting of the multiplets in the 1 H spectrum. The measured coupling constants are given in Table 1 . The two-bond coupling constants did not vary much (<10%) among the adducts : 2 J NH (aldehydes) = 2.1±0.2 Hz. In contrast, the 3-bond coupling constants are much more sensitive to stereoelectronic effects, as expected : 3 J NH (ketones) = 2.6±1.1 Hz.
The coupling constants determined by analyzing the proton multiplet structures are about 25% smaller than those estimated from the optimization of the INEPT delay in the HSQC experiment, which we attribute to transverse relaxation and other processes that occur during the long INEPT period.
Sensitivity-We determined the sensitivity of the 15 N-edited 1D HSQC experiment using the pyruvate adduct. Different concentrations of the adduct were measured under optimized spectroscopic conditions at 14.1 T on a cold 5 mm inverse triple resonance pfg HCN probe.
Using a Shigemi tube to limit the amount of material needed, we found that the pyruvate methyl groups could be detected with a signal to noise ratio of 10 or greater in 30 minutes at a solute amount of 2 nmol. Using a 1.7 mm cryomicroprobe with an active volume of < 50 μL or a 3 mm coldprobe with an active volume of < 100 μL, the detection limit should be 3-5 fold lower with the same acquisition time.
Although QDA was found to react readily with majority of the standards (in minutes), the rate of the reaction with carbohydrates was much slower. In fact the reaction of equimolar glucose and aminooxy reagent in water at RT yielded only approximately 20% conversion after 24 h (data not shown). This may be because only a small fraction (below 1%) of each carbohydrate exists in the open-chain (aldehyde or ketone) form at equilibrium [22] . To increase the rate of formation of the adduct, as well as the yield, we lowered the pH to 4 with acetic acid and increased the temperature to 40 °C. Even with these reaction conditions, it was necessary to carry out the reaction for over 24 h to achieve near 100% yield.
Application to A549 cell extracts-We have applied the 15 N-QDA derivatization to polar extracts of cultured A549 lung cancer cells. The cells were grown to 70% confluence, and denatured directly on the plate with cold acetonitrile containing the 15 N-QDA reagent (see Experimental Procedures). This process lyzes the cells, quenches metabolism and allows the capture of labile carbonyl compounds by rapid reaction with the reagent. 15 N edited HSQC spectra of such an extract of the A549 cells are shown in Figures 2 and 5 . The editing clearly selects a subset of carbonyl containing-compounds, many of which are at relatively low abundance, and hidden under the resonance of numerous other compounds in the unedited spectrum. There are more than 30 N-H peaks in this spectrum, and group into the aldehydes (6-8 ppm), and ketones (1-5 ppm) (cf. Figure 3) . However, only 6 compounds have been positively identified by reference to our (limited) database, indicating that these cells contain a substantial number of both aldehydes and ketones at high abundance that are not represented in our currently small database of common carbonyl metabolites.
Discussion
The aminooxy reagent that we have developed reacts rapidly and stoichiometrically with a wide variety of carbonyl containing compounds, including chemically unstable ones such as oxaloacetate. The rate of reaction for pyranoses and furanoses however was slower, attributable in part to the slow opening of the ring to generate the reactive aldehyde or ketone that is present at low abundance. The adducts of these compounds are much more stable than the free compound, improving the reliability both of detection and of quantification in tissue or cell extracts. In the major metabolite databases, ketone is one of the top five most distinguishing functional groups. In HDMB3.5 [23] , there are over 4600 keto and 880 aldehydic metabolites out of roughly 40400 entries in the database. Likewise, the Kyoto Encyclopedia of Genes and Genomes (KEGG) Compound 2014 [24] contains over 3300 keto and 460 aldehydic entries out of roughly 16400 total entries. However, many of these are at low abundance, and each tissue type will only contain a subset of the total, which includes compounds from various organisms and tissue types.
We detected 30 metabolites in an extract of A549 cells by NMR; many more can be detected by high sensitivity FT-ICR-MS. Nevertheless, the more abundant NMR-detectable carbonylcontaining compounds represent central metabolism and monosaccharides isomers that are difficult to resolve by mass spectrometry. With current technology, the sensitivity limit is in the range 1-5 nmol of each compound, which may improve to the sub nmol level by using 1.7 mm or 3 mm cryomicroprobes at very high magnetic field strength. Of the 30 compounds detected, presently only 6 have been identified, but with the aid of the MS and the informatics analysis, we expect to identify many more. Additional NMR experiments, such as HSQC-TOCSY (cf Fig S3B) and 15 N-edited TOCSY (Fig. S4) provide further chemical shift and covalent connectivity information that help assign compounds in mixtures [4, 8] .
The chemoselective approach shows the power of isotope editing of complex spectra, as metabolites that are normally hidden under other resonances or at low abundance are selected. The chemical shifts are characteristic of the metabolites adducts which also make it possible to resolve structural isomers, such as the hexoses, which is otherwise difficult by mass spectrometry alone. Furthermore, the large difference in spectral properties of aldehydes and ketones immediately provides valuable information about the class of compound present, as shown by the ketose and aldose sugars.
As NMR is intrinsically quantitative, and stable isotope standards can be prepared simply, this supplies a means of quantification of the compounds in crude extracts by NMR or MS. Furthermore, the ability to assign and quantify metabolites in crude extracts is expected to be greatly enhanced by complementing NMR with high-resolution MS (e.g. FT-MS) analysis of the same tagged extracts. NMR provides functional group and covalent linkage information and is intrinsically quantitative, while FT-MS readily yield molecular formula information on intact metabolites and their mass fragments. Together, it is feasible not only to rigorously assign known metabolites but also to perform de novo structural elucidation of unknown metabolites. The basic principles can be extended to other chemical functionalities, including -SH [25] amino [26] and carboxyl [10] with 15 N or 13 C labeling. Such functional group mapping with multiple chemoselective agents will be synergistic in facilitating large-scale structural analysis of metabolites.
Experimental Procedures
was prepared using a modification of previous methods to introduce a single 15 N atom deriving from 15 N-ammonia. 15 N-Labeled N-hydroxyphthalimide 1 was prepared according to the literature procedure from commercially available 15 N-hydroxylamine•HCl. [27] The Mitsunobu-based coupling of 1 with ammonium alcohol 2, formed from N,Ndimethylethanolamine, proceeded according to the method of Grochowski [28] to provide labeled phthalimide 3. Hydrazinolysis gave the labeled aminooxy probe 15 N-QDA in good yield. 15 N-NMR spectroscopy of labeled QDA confirmed installation of an aminooxy nitrogen label [Supplementary Materials, Fig. S1C ].
Preparation of standards and metabolite mixtures
Reagents-All metabolite standards: arabinose, galactose, glucose, mannose, ribose, erythrose-4-phosphate, pyridoxal phosphate, xylose, acetone, fructose, pyruvate, 2-oxobutanoate, 2-oxoglutarate, oxalacetate, dihydroxyacetone phosphate, as well as glacial acetic acid (AcOH) and methanol (MeOH) (Optima grade) were purchased from Sigma Aldrich (St. Louis, MO). 18 MΩ water was obtained using the ultrapure water system (Barnstead, Dubuque, IA).
Preparation of standards-40 μL of 10 mM aqueous solutions of each of the 15 standards individually and together were mixed with 600 μL of a 10 mM solution of 15 N-QDA in 18 MΩ H 2 O and left to react at 4 °C for 3 hours. After that, the mixture was acidified to pH ∼ 4 with acetic acid (effective 5 mM concentration) and the reaction was continued at 40 °C for 24 hours. For MS detection, 5 μL of the mixture was diluted 20-fold with 0.1% acetic acid in methanol. The rest of the reaction mixture was freeze-dried and dissolved in 0.35 mL 50 mM potassium phosphate, 50 mM KCl pD 7.4, + 0.1 mM DSS-d 6 .
Preparation of A549 cell extracts
Human lung adenocarcinoma A549 cells were grown on 15 cm plates in DMEM medium and incubated at 37 °C in a 5% CO 2 atmosphere for 24 h. The medium was aspirated and the cells washed 3 times with cold PBS. The cells were then quenched with ice-cold 0.3 mM 15 N-QDA solution in acetonitrile (ACN) [29] . The plates were scraped and the cells collected and shaken with 3 glass beads to further disrupt cells and extract metabolites. After centrifugation the polar fraction was left to react with 15 N-QDA at 4 °C for 3 h. The mixture was then acidified to pH ∼ 4 with AcOH (5 mM) and the reaction was continued at 40 °C for 24 hours. Finally, the reaction mixture was freeze-dried and the sample was redissolved in 0.35 mL 50 mM potassium phosphate, 50 mM KCl pD 7.4, + 0.1 mM DSS-d 6 for NMR. For FTICR-MS confirmation a small aliquot of the reaction mixture (about 1/32 of the total) was freeze-dried and dissolved in 200 μL of 0.1% acetic acid in MeOH.
FTICR-MS Analysis-All samples were validated by direct infusion high-resolution mass spectrometry using a hybrid LTQ-FT-ICR mass spectrometer (LTQ-FT, Thermo Electron, Bremen, Germany) equipped with a Triversa Nanomate nanoESI ion source (Advion Biosciences, Ithaca, NY). Data were acquired in the positive ion mode. The instrument was calibrated according to manufacturer protocols and tuned for the MRFA standard (LTQ, m/z nominal -524). Triversa Nanomate was operated at 1.5 kV and 0.5 psi head pressure, which yielded the most stable spray conditions. The FT-ICR traces were acquired in mass range from 150 Da to 1000 Da with a target mass resolution of 100,000 at 400 m/z with five microscans acquired for each saved spectrum.
NMR spectroscopy
Individual adducts of standards and mixtures were analyzed by NMR spectra recorded on a Varian Inova NMR spectrometer at 18.8 T as 1D proton, TOCSY and 1 H{ 13 C} HSQC for assignments, along with 1D and 2D 1 H{ 15 N} HSQC and HSQC-TOCSY (Fig S3B) . Proton shifts were referenced to internal DSS d 6 , and 15 N shifts by indirect referencing to the DSS [20] . The HSQC delay was optimized to the observed 2 or three bond N-H couplings (ca. 150 ms). The 15 N excitation was set to the middle of the spectral range near 360 ppm. The coupling constants were determined directly from splitting of coupled protons in unedited 1 H spectra, and the optimized delays for the long range HSQC spectra were determined based on the couplings and maximizing the intensity as a function of the INEPT delay. 1 H spectra acquired in methanol d 4 were referenced to the CD 2 H resonance at 3.31 ppm.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Chemical shifts of the 15 N-QDA adducts were determined at 20 °C as described in the Experimental Procedures. 15 N chemical shifts were referenced indirectly with respect to external liquid ammonia [20] . The A549 polar extract was prepared and derivatized as described in the Experimental Procedures. The dried sample was redissolved in 100% CD 3 OD. HSQC spectra were recorded at 14.1 T with acquisition times of 0.5 s in t 2 and 25.6 ms in t 1 . The data tables were zero filled once in t 2 , linear predicted once in t 1 and zero filled to 8192×2048 points. The free induction decays were processed using an unshifted Gaussian and a line broadening exponential of 4 Hz in both dimensions. 15 N chemical shifts were referenced indirectly with respect to external liquid ammonia [20] . Some assignments are shown on the figure. 
